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The pituitary-specific transcription factor Pit-1 
forms dimers when interacting with specific DNA 
elements and has been shown to associate with 
several other nuclear proteins. Recently, tech- 
niques have become available that allow visualiza- 
tion of protein-protein interactions as they occur in 
single living cells. In this study, the technique of 
fluorescence resonance energy transfer (FRET) mi- 
croscopy was used to visualize the physical inter- 
actions of Pit-1 proteins fused to spectral variants 
of the jellyfish green fluorescent protein (GFP) that 
emit green or blue light [blue fluorescent protein 
(BFP)]. An optimized imaging system was used to 
discriminate fluorescence signals from single cells 
coexpressing the BFP- and GFP-fusion proteins, 
and the contribution of spectral overlap to back- 
ground fluorescence detected in the FRET images 
was established. Energy transfer signals from liv- 
ing cells expressing a fusion protein in which GFP 
was tethered to BFP by short protein linker was 
used to demonstrate acquisition of FRET signals. 
Genetic vectors encoding GFP- and BFP-Pit-1 pro- 
teins were prepared, and biological function of the 
fusion proteins was confirmed. FRET microscopy 
of HeLa cells coexpressing the GFP- and BFP-Pit-1 
demonstrated energy transfer, which required the 
two fluorophores to be separated by less than 100 
A. Biochemical studies previously demonstrated 
that Pit-1 physically interacts with both c-Ets-1 and 
the estrogen receptor. FRET imaging of cells co- 
expressing BFP-Pit-1 and GFP-Ets-1 demon- 
strated energy transfer between these fusion pro- 
teins, a result consistent with their association in 
the nucleus of these living cells. In contrast, there 
was no evidence for energy transfer between the 
BFP-Pit-1 and an estrogen receptor-GFP fusion 
proteins. It is likely that the FRET imaging ap- 
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proach described here can be applied to many 
different protein-partner pairs in a variety of cellu- 
lar contexts. (Molecular Endocrinology 12: 1410- 
1419, 1998) 



INTRODUCTION 

Determining when and where specific protein partners 
associate with one another within the cell is of funda- 
mental importance to understanding biological pro- 
cesses. The relative proximity of two proteins labeled 
with different fluorophores can be determined by con- 
ventional fluorescence microscopy to the scale of ap- 
proximately 0.2 fim (2000 A), the limit of optical reso- 
lution for the light microscope. Resolving the relative 
proximities of proteins beyond the optical limit of the 
microscope, however, is necessary to reveal the phys- 
ical interactions between protein partners. For the light 
microscope, this degree of resolution can only be re- 
alized through the use of fluorescence resonance en- 
ergy transfer (FRET; Refs. 1-4). FRET is a quantum 
mechanical process by which radiationless transfer of 
excitation energy can occur from a donor fluorophore 
to an appropriate acceptor fluorophore. Energy trans- 
fer requires that the donor fluorophore emission spec- 
trum overlap with the absorption spectrum for the 
acceptor fluorophore. Because the efficiency of en- 
ergy transfer varies inversely with the sixth power of 
the distance separating the two fluorophores, FRET 
can only occur when the distance separating the two 
fluorophores is less than approximately 0.01 ^.m (100 
A; Refs. 1-4). Thus, FRET microscopy is an extraordi- 
narily sensitive method for determining the relative 
proximity of labeled protein partners. 

A major obstacle to the application of FRET micros- 
copy to living cells has been a lack of suitable methods 
for specifically labeling intracellular proteins with do- 
nor and acceptor fluorophores. Recent studies using 
expression of the jellyfish green fluorescent protein 



1410 



Using FRET to Visualize Pit- 1 Protein Interactions 



1411 



(GFP) in a variety of cell types have proven this unique 
protein to be a versatile molecular reporter (5-9). GFP 
retains its characteristic fluorescence when fused to 
other protein sequences, allowing fluorescence mi- 
croscopy to be used to visualize the spatiotemporal 
dynamics of GFP-fusion protein localization in intact 
living cells (9-12). Mutant forms of GFP with emission 
in both the green and the blue spectrum [blue fluores- 
cent protein (BFP)] have been engineered (5, 6, 8). 
These different color fluorophores provide a general 
method for simultaneously labeling two different pro- 
teins within the same living cell (9). Importantly, the 
excitation and emission spectra for the mutant GFP 
and BFP proteins are suitable for FRET, making this 
unique noninvasive imaging approach more generally 
applicable (8, 13-17). 

We reported previously the optimization of a fluo- 
rescence microscope imaging system for the acquisi- 
tion of green, blue, and energy transfer fluorescence 
signals from single living cells expressing GFP- and 
BFP-fusion proteins (15-17). In the present study, the 
FRET approach is applied to visualize protein-protein 
interactions involving the pituitary-specific transcrip- 
tion factor Pit-1. The Pit-1 protein dimerizes when 
associated with specific DNA elements of target 
genes. Moreover, cooperative interactions between 
Pit-1 and other classes of transcription factors were 
shown to be important for hormone and growth factor 
regulation of Pit-1 -dependent gene expression. For 
example a strong synergy between Pit-1 and mem- 
bers of the ets transcription factor family was shown to 
be involved in regulation of PRL gene transcription (1 8, 
1 9), and biochemical studies showed a physical asso- 
ciation of Pit-1 and Ets-1 (20). In addition, cooperative 
interactions between the Pit-1 protein and the estro- 
gen receptor were also shown to be important in reg- 



ulation of the PRL gene transcription (21, 22), and a 
physical association of these two proteins was dem- 
onstrated (23, 24). The studies presented here use 
GFP- and BFP-fusion proteins and the FRET tech- 
nique to visualize homologous interactions involving 
the Pit-1 protein and heterologous interactions be- 
tween Pit-1 and the Ets-1 or estrogen receptor pro- 
teins in the living cell nucleus. 



RESULTS 

The GFP-Fusion Proteins Are Biologically 
Functional 

Genetic vectors encoding GFP- and BFP-fusion pro- 
teins were used in transient cotransfection of HeLa 
cells to achieve cellular expression of the protein part- 
ners. In each case, expression of the fusion proteins 
was confirmed by Western blotting (see individual fig- 
ures). The expression vectors for GFP-Pit-1 and BFP 
Pit-1 encoded proteins with the fluorophores tethered 
to the amino-terminal end of Pit-1 by a five-amino acid 
(AA) linker (see Materials and Methods and Ref. 15). 
Several different methods were used to demonstrate 
that these fusion proteins were functional. First, West- 
ern blotting was used to demonstrate that the ex- 
pected 60-kDa GFP-Pit-1 was synthesized in trans- 
fected cells (inset, Fig. 1). Second, the GFP-Pit-1 
protein was shown to bind to both the PRL gene 3P 
Pit-1 DNA element (inset Fig. 1) and 1P element (not 
shown) using the gel mobility shift assay (EMSA). The 
specificity of this DNA-protein complex was demon- 
strated by immunoclearing of the complex from the 
EMSA reaction by addition of an antibody specific for 
Pit-1 (inset, Fig. 1). Further, competition studies with 
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Fig. 1. GFP-Pit-1 and GFP-Ets-1 Fusion Proteins Are Biologically Functional 

Representative experiment demonstrating transcriptional activation of the -306 rat PRL promoter luciferase reporter gene by 
cotransfection with CMV Pit-1 or CMV GFP-Pit-1 expression vectors. Much greater than additive luciferase activity was observed 
when CMV GFP-Pit-1 and CMV GFP-Ets-1 were cotransfected than when they are transfected separately (note scale break). 
Results are triplicate transfections plotted as fold activation over the empty vector control ± se. Inset, Western blot analysis of 
GFP-Pit-1 protein in extracts from transiently transfected cells probed with an antibody directed against GFP (lane 1). Numbers 
indicate size marker migration EMSA demonstrating binding of proteins from whole-cell extracts prepared from Rat-1 cells 
transfected with the CMV GFP-Pit-1 plasmid to a duplex 32 P-labeled 3P PRL Pit-1 site probe (lane 2). DNA-protein complex 
{arrowhead) was not observed for extracts pretreated with a polyclonal antibody directed against Pit-1 (lane 3). 
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unlabeled oligonucleotides confirmed the fusion pro- 
tein-bound DNA with appropriate binding specificity, 
and the fusion protein did not bind to an unrelated 
interferon response element (data not shown). Impor- 
tantly, the results shown in Fig. 1 demonstrated that 
expression of GFP-Pit-1 induced transcription from a 
cotransfected PRL promoter-luciferase reporter gene 
to a similar extent as the wild-type Pit- 1 protein. More- 
over, the GFP-Pit-1 protein was also shown to syner- 
gize with a GFP-Ets-1 protein in activation of the PRL 
gene promoter (Fig. 1). These results confirmed that 
the GFP-Pit-1 fusion protein retained the characteris- 
tics of specific DNA binding, transcriptional activation, 
and cooperative interactions with Ets-1. 

Characterizing Spectral Overlap 

FRET microscopy requires an imaging system that can 
discriminate fluorescence signals with overlapping 
spectra. We previously reported the use of GFP- and 
BFP-fusion proteins to characterize and optimize ex- 
citation and emission filters for detection of blue and 
green fluorescence signals from individual living cells 
(15-17). In the present study, the extent of blue-fluo- 
rescence overlap into the filter set used to detect 
energy transfer (the acceptor filter set) was quantified. 
This is important, since this signal overlap contributes 
to the background signal against which energy trans- 
fer signals will be compared. HeLa cells were trans- 
fected with the expression vector encoding BFP-Pit-1, 
and the expression of the expected 60-kDa protein 
was verified by Western blotting (Fig. 2A). Cells ex- 
pressing the BFP-Pit-1 fusion protein were then iden- 
tified by nuclear-localized blue fluorescence (Fig. 2C). 
Images of cells expressing BFP-Pit-1 were then ob- 
tained under constant conditions of neutral density 
(nd) and integration time with each of the three filter 
combinations used in these studies (Fig. 2, B-D; see 
Materials and Methods for filter characteristics). After 
background subtraction, a mosaic of the donor (BFP- 
Pit-1) and acceptor (overlap) images was generated 
and a look-up table was applied to the gray scale 
image to quantify signal intensity (Fig. 2, C and D; 
white indicates highest fluorescence signal). The gray 
level intensity of the donor and acceptor fluorescence 
signals across the profile of the nucleus was then 
determined for each image (position of the profiles is 
indicated by lines in Fig. 2, C and D), and the results 
were plotted (Fig. 2, E and F). The results shown in Fig. 
2, E and F, quantify the intensity of the BFP fluores- 
cence detected by both the donor and acceptor filter 
sets, demonstrating the extent of BFP-fluorescence 
signal overlap into the acceptor (FRET) image. 

Since the FRET technique requires discrimination of 
green and blue fluorescence signals, imaging of cells 
expressing colocalized BFP- and GFP-fusion proteins 
that would not be expected to physically interact was 
used to characterize further the extent of fluorescence 
signal overlap detected with the acceptor filter set. 
HeLa cells were cotransfected with the vector encod- 
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Fig. 2. Characterization of BFP Fluorescence Overlap in the 
Acceptor Image 

HeLa cells were transiently transfected with the CMV BFP- 
Pit-1 vector and expression of the fusion protein was de- 
tected by Western blot (A). Images of a cell expressing the 
fusion protein were obtained using a nd 1 .0 filter and 1 -sec 
integration with the GFP filter set (panel B; bar indicates 10 
/itn), or 5-sec integration with the BFP filter set (C) and the 
acceptor filter set (D). The donor and acceptor images were 
combined in a single mosaic image (panels C and D), and a 
look-up table was applied to facilitate comparison of flu- 
orescence signal intensity {calibration bar indicates signal 
level with white being highest intensity). A profile was taken 
across the cell nucleus at the position indicated by the 
lines in panels C and D t and the gray level intensity for this 
profile was plotted for both the donor and acceptor images 
(panels E and F)- 

ing BFP-Pit-1 and a vector encoding GFP with a nu- 
clear localization signal (GFP-NLS; see Materials and 
Methods for sequence). Western blotting was used to 
demonstrate that both the 29-kDa GFP-NLS and 60- 
kDa BFP-Pit-1 fusion proteins were expressed in tran- 
siently transfected cells (Fig. 3 A). As noted above, the 
BFP-Pit-1 protein was exclusively localized to the nu- 
cleus, and coexpression with the GFP-NLS resulted in 
both green and blue fluorophores in the nuclear com- 
partment (Fig. 3, B and C). Background subtracted 
donor (BFP-Pit-1) and acceptor images were acquired 
under constant conditions of nd and image acquisition 
time, and the same look-up table was applied to the 
mosaic image to show fluorescence intensity (Fig. 3, C 
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Fig. 3. Discrimination of Fluorescence Signals from Cells 
Expressing Non interacting GFP- and BFP-Fusion Proteins 

HeLa cells were transiently transfected with the CMV GFP- 
NLS or CMV BFP-Pit-1 vectors, and expression of the fusion 
proteins was detected by Western blot (panel A, lanes 1 and 
2, respectively). Images of HeLa cells coexpressing these 
proteins were then obtained using the GFP filter set (panel B; 
bar indicates 1 0 /i.m), BFP filter set (C), and the acceptor fitter 
set p), and the mosaic image of donor and acceptor fluo- 
rescence (panels C and D) was acquired as described in the 
legend of Fig. 2. The gray level intensity profile across the 
nuclei of the two cells was taken at the position indicated by 
the lines in panels C and D and was plotted for both the donor 
and acceptor images (panels E and F)- 



and D). The gray level intensity for nuclear fluorescence 
at the indicated positions across the profile of the nuclei 
from these two cells was then determined. The results 
shown in Fig. 3, E and F, demonstrated the extent of 
combined GFP- and BFP-signal overlap detected with 
the acceptor filter set. For the cells shown in Fig. 3, the 
acceptor signal represents approximately 45% of the 
donor signal. Together, these results demonstrated the 
contribution of both GFP- and BFP-fusion protein fluo- 
rescence signal overlap into the acceptor image and 
established the baseline fluorescence against which 
FRET signals were compared. 

Visualizing FRET from Single Living Cells 

We and others demonstrated previously that energy 
transfer signals can be acquired from living cells ex- 
pressing a fusion protein in which GFP is tethered 



directly to BFP through a protein linker (13-15, 17). 
This same approach was taken to characterize the 
acquisition of energy transfer signals under the con- 
stant conditions used in the present study. HeLa cells 
were transfected with an expression vector encoding 
GFP coupled to BFP through a three-AA linker and 
expression of the 56-kDa protein was confirmed by 
Western blotting (Fig. 4A). Cells expressing the fusion 
protein were identified by green fluorescence through- 
out the cell (Fig. 4B). Images of these cells were then 
acquired using the donor (BFP) and acceptor filter 
combinations, and the same look-up table was ap- 
plied to the background-subtracted mosaic image to 
show the fluorescence signal intensity (Fig. 4, B and 
C). The gray level intensity across the profile of the two 
cells shown in Fig. 4 was determined at the positions 
indicated. In contrast to the results from the previous 
experiment with colocalized, but noninteracting flu- 
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Fig. 4. FRET Microscopy of Cells Expressing GFP Fused 
Directly to BFP by a Three-AA Linker 

HeLa cells were transiently transfected with the CMV GFP- 
three-AA-BFP vector, and expression of the protein was de- 
tected by Western blot (A). Images of two cells expressing the 
GFP-three-AA-BFP protein were obtained using the GFP fil- 
ter set (panel B; bar indicates 10 ^m), BFP filter set (C), and 
the acceptor filter set (D), and a mosaic image of donor and 
acceptor fluorescence (panels C and D) was acquired as 
described in the legend of Ftg. 2. The gray level intensity 
profile across the two cells was taken at the position indi- 
cated in panels C and D and was plotted for both the donor 
and acceptor images (panels E and F). 
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orophores, the results shown in Fig. 4, E and F, dem- 
onstrated that the gray level intensity for the acceptor 
image was approximately 2-fold greater than the sig- 
nal measured in the donor image. This result showed 
energy transfer from BFP to GFP. 

Visualizing the Physical Association of Pit-1 
Proteins 

The FRET imaging approach described above was 
then applied to cells coexpressing the GFP- and BFP- 
Pit-1 fusion proteins. HeLa cells were cotransfected 
with vectors encoding the GFP-Pit-1 and BFP-Pit-1 
fusion proteins, and expression of the fusion proteins 
was confirmed by Western blotting (Fig. 5A). Cells 
coexpressing the BFP-Pit-1 and GFP-Pit-1 proteins 
were first identified by green fluorescence (Fig. 5B). 
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Fig. 5. FRET Microscopy of Cells Expressing GFP- and 
BFP- Pit-1 Proteins 

HeLa cells were transfected with vectors encoding GFP- 
Pit-1 or BFP-Pit-1, and expression of the proteins was de- 
tected by Western blot (panel A, lanes 1 and 2, respectively). 
Images of HeLa cells cotransfected with these vectors were 
then obtained obtained using the GFP filter set (panel B; bar 
indicates 10 nm), BFP fitter set (C), and the acceptor filter set 
(D), and a mosaic image of donor and acceptor fluorescence 
(panels C and D) was acquired as described in the legend of 
Fig. 2. The gray level intensity profile across the two cell 
nuclei were taken at the position indicated in panels C and D 
and was then plotted for both the donor and acceptor images 
(panels E and F). 



Images of these same celis were then obtained under 
constant conditions of nd and integration time using 
the donor and acceptor filter sets. A mosaic image 
showing the background subtracted donor (BFP-Pit-1) 
and acceptor images was obtained, and the same 
look-up table was applied to indicate fluorescence 
intensity (Fig. 5, C and D). The gray level intensity 
across the profile of the two nuclei shown in Fig. 5 at 
the positions indicated was then plotted (Fig. 5, E and 
F). The results demonstrated that the acceptor signal 
exceeded the donor signal by approximately 2-fold, an 
indication of energy transfer from BFP-Pit-1 to GFP- 
Pit-1 . This required that the fluorophores be separated 
by less than approximately 100 A, as would be the 
case for physically associated Pit-1 fusion proteins. 

FRET Imaging of Pit-1 and Ets-1 or the Estrogen 
Receptor 

This imaging technique was then used to examine 
HeLa cells coexpressing the GFP-Ets-1 and BFP-Pit-1 
fusion proteins. Cooperative interactions between the 
Pit-1 and Ets-1 proteins in the transcriptional activa- 
tion of the PRL gene promoter were reported (1 8-20), 
and the GFP-Ets-1 protein used in the current study 
was shown to synergize with GFP-Pit-1 in transcrip- 
tional activation of a PRL promoter-luciferase reporter 
gene (Fig. 1). Western blotting of protein extracts from 
transiently transfected HeLa cells confirmed that both 
the 80- kDa GFP-Ets-1 and the 60-kDa BFP-Pit-1 
fusion proteins were expressed (Fig. 6A). Cells ex- 
pressing the GFP-Ets-1 protein were identified by 
green fluorescence, and coexpression of the BFP- 
Pit-1 protein was verified by presence of nuclear blue 
fluorescence (Fig. 6B). Images of cells coexpressing 
the two fusion proteins were then obtained under con- 
stant conditions of nd and integration time using the 
donor and acceptor filter sets. A mosaic image show- 
ing the background subtracted donor (BFP-Pit-1) and 
acceptor (GFP-Ets-1) images was obtained as de- 
scribed above (Fig. 6, C and D). The gray level intensity 
across the profile of the two nuclei shown in Fig. 6 at 
the positions indicated was then determined (Fig. 6, E 
and F). The results demonstrated that the fluorescence 
intensity in the acceptor image was greater than that 
for the donor image. The acceptor signal was above 
the base fluorescence established in the control ex- 
periments (Figs. 2 and 3), an indication that the Ets-1 
and Pit-1 fusion proteins were in close association. 

The FRET imaging approach was also applied to 
cells expressing Pit-1 and the estrogen receptor to 
determine whether a physical association between 
these two proteins could be detected. HeLa cells were 
cotransfected with an expression vector encoding the 
human estrogen receptor with GFP fused at the car- 
boxy terminus [human estrogen receptor (hER)-GFP] 
and the BFP-Pit-1 fusion protein. Functional cooper- 
ativity between Pit-1 and the hER-GFP fusion protein 
was observed in cotransfection studies using a 3-kb 
rat PRL promoter/enhancer luciferase reporter gene 
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Fig. 6. FRET Microscopy of Cells Coexpressing the GFP- 
Ets-1 and BFP-Pit-1 Proteins 

HeLa cells were transfected with vectors encoding BFP- 
Pit-1 or GFP-Ets-1, and expression of the proteins was de- 
tected by Western blot (panel A, lanes 1 and 2, respectively). 
Images of HeLa cells cotransfected with these vectors were 
then obtained using the GFP filter set (panel B; bar indicates 
10 |im), BFP filter set (C), and the acceptor filter set (D). The 
mosaic image of donor and acceptor fluorescence (panels C 
and D) was acquired as descnbed in the legend of Fig. 2. The 
gray level intensity profile across the two cell nuclei was taken 
at the position indicated in panels C and D. The upper graph 
obtained for both the donor and acceptor images {panels E 
and F) was from the nucleus on the right. 
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Fig. 7. FRET Microscopy of Cells Coexpressing the hER- 
GFP and BFP-Pit-1 Proteins 

HeLa cells maintained in medium supplemented with se- 
rum containing endogenous estrogens were transfected with 
vectors encoding BFP-Pit-1 or hER-GFP, and expression of 
the proteins was detected by Western blot (panel A, lanes 1 
and 2, respectively). Images of HeLa cells cotransfected with 
these vectors were then obtained using the GFP filter set 
(panel B; bar indicates 10 ^m), BFP filter set (C), and the 
acceptor filter set (D). The mosaic image of donor and ac- 
ceptor fluorescence (panels C and D) was acquired as de- 
scribed in the legend of Fig. 2. The gray level intensity profile 
across the two cell nuclei was taken at the position indicated 
in panels C and D and was then plotted for both the donor 
and acceptor images (panels E and F). 



(data not shown). Expression of the expected 91-kDa 
hER-GFP fusion protein was verified by Western blot- 
ting (Fig. 7A). Cells expressing the hER-GFP protein 
were identified by nuclear localized green fluores- 
cence, and coexpressed BFP-Pit-1 protein in the 
same cells was then confirmed by nuclear blue fluo- 
rescence (Fig. 7B). Images of cells coexpressing the 
two fusion proteins were acquired, and the mosaic 
image showing the background subtracted donor 
(BFP-Pit-1) and acceptor (hER-GFP) images was ob- 
tained as described above (Fig. 7, C and D). The profile 
of gray level intensity across the two nuclei shown in 
Fig. 7, E and F, demonstrated that the fluorescence 
signal in the acceptor image represented less than 
45% of the donor signal. These results were similar to 
those obtained for the colocalized, but noninteracting 
proteins shown in Fig. 3, implying that the fluoro- 



phores labeling the estrogen receptor and Pit-1 were 
too far apart for FRET to occur. 



DISCUSSION 

The molecular cloning of GFP (25) and its expression 
in a variety of cell types (7, 9, 10, 26) demonstrated the 
potential of this unique protein as a biological marker. 
It is the use of GFP as fluorescent tag to visualize 
dynamic cellular events, however, that have proven it 
to be a valuable tool for the cell biologist (12, 27-29). 
Modifications of the GFP protein sequence have 
yielded variant forms with increased brightness and 
differing spectral characteristics (5, 6 t 8). Some of the 
spectral variants of GFP were shown to be suitable as 
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donor and acceptor for FRET microscopy (8, 30). 
Studies by Heim and Tsien (8) determined that direct 
transfer of excitation energy from BFP Y66H to GFP 
S65T would be 50% efficient over a distance of 40 A, 
and recent studies have taken advantage of FRET 
between these fluorophores to visualize dynamic 
events within the living cell. For example, FRET mi- 
croscopy was used to monitor spatio-temporal 
changes in intracellular free calcium from single cells 
expressing a fusion protein containing BFP coupled to 
GFP by a calmodulin-binding peptide (14, 30). These 
studies illustrate the strength of the combined use of 
the GFPs and FRET microscopy to visualize the inter- 
actions of protein partners on the scale of Angstroms. 

In the present study, FRET microscopy was used to 
visualize both homologous and heterologous protein- 
protein interactions involving the transcription factor 
Pit-1. The Pit-1 protein is a homeodomain transcrip- 
tion factor that is expressed exclusively in the anterior 
pituitary, where it functions as an important determi- 
nant of pituitary-specific gene expression (32). Pit-1 
binds to DNA elements within the promoters of several 
different pituitary genes, including the PRL and GH 
genes (32-35). Biochemical studies showed that the 
Pit-1 protein exists as a monomer in solution, but that 
it binds to most DNA elements as a dimer (23, 35, 36). 
The Pit-1 protein contacts DNA through the carboxy- 
terminal POU-specific domain and homeodomain, and 
the dimerization contacts that form between mono- 
mers also require segments within these two domains 
(36). In the present study, Pit-1 proteins tagged with 
the GFPs were visualized in the living cell nucleus. The 
GFP-Pit-1 fusion protein retained both DNA binding 
specificity and the ability to transcriptionally activate 
the PRL gene promoter. When FRET microscopy was 
used to visualize the coexpressed BFP-Pit-1 and GFP- 
Pit-1 proteins, energy transfer was observed. This re- 
quired that the fluorophores attached to the Pit-1 pro- 
teins be separated by less than approximately 100 A. 
Due to the flexibility of Pit-1 protein structure, it is not 
possible to know the precise spatial positioning of the 
fluorophores relative to one another. This flexibility, 
however, might be expected to provide dynamic av- 
eraging of the relative orientations of donor and ac- 
ceptor (37). Because the FRET signals obtained from 
cells expressing the Pit-1 proteins (Fig. 5) were similar 
to signals from cells expressing the GFP-three-AA- 
BFP fusion protein (Fig. 4), the results suggested that 
the GFP- and BFP-fluorophores fused to the Pit-1 
proteins were in physical contact. 

Since HeLa cells do not express the genes that are 
transcriptionally activated by Pit-1, it is unlikely that 
the observed FRET signals originated from dimerized 
Pit-1 proteins bound to specific DNA elements. It is 
possible that nonspecific binding of the Pit-1 fusion 
proteins to genomic DNA could give rise to the ob- 
served protein-protein interactions. However, there 
was no evidence for energy transfer from the BFP- 
Pit-1 protein to the hER-GFP protein (Fig. 7), demon- 
strating that nuclear colocalization of two DNA-bind- 



ing proteins was not sufficient for FRET to occur. 
Further, this observation also argued against energy 
transfer resulting from nonspecific protein -protein in- 
teractions due to high concentrations of the donor and 
acceptor fusion proteins in the nuclear compartment. 
The actual number of fusion proteins expressed in the 
cells used in the present study was not determined, 
but it was recently shown that as few as 10,000 GFP 
molecules could be detected in single cells in culture 
(38). Since the fusion proteins used in this study were 
spatially localized to the nuclear compartment, still 
fewer GFP molecules would be required for detection. 
Thus, detection of GFP-fusion proteins does not re- 
quire expression to levels greatly exceeding the nor- 
mal physiological range for cellular proteins, and non- 
specific interactions between fusion proteins was an 
unlikely source of energy transfer signals. 

It is clear that binding to specific DNA elements 
leads to dimerization of Pit-1 proteins (36). It was 
therefore somewhat surprising that FRET imaging 
should reveal Pit-1 protein -protein interactions in the 
absence of specific DNA contacts in the HeLa cell 
nucleus. It is possible that the Pit-1 fusion proteins are 
assembling as part of larger complexes of nuclear 
proteins, and a number of transcription factors have 
been shown to cooperatively interact with Pit-1. In 
transfection studies in nonpituitary cells, cooperative 
interactions between Pit-1 and other non-cell type- 
specific transcription factors was shown to be re- 
quired for transcriptional activation of the PRL pro- 
moter. These studies lead to the demonstration of a 
strong synergy between Pit-1 and members of the ets 
transcription factor family (18, 19), and biochemical 
studies showed that Pit-1 and Ets-1 could physically 
associate (20). In the present study, the results of 
FRET imaging of Pit-1 and Ets-1 proteins provided 
evidence for energy transfer between the fluorophores 
(Fig. 6), indicating that these proteins were in physical 
contact or close association in the cell nucleus. The 
relatively weak FRET signals obtained with Pit-1 and 
Ets-1 may indicate that the fluorophores were sepa- 
rated by a distance close to the limit necessary for 
energy transfer. 

Previous studies also demonstrated that coopera- 
tive interactions involving Pit-1 and the estrogen re- 
ceptor were important in regulation of the PRL gene 
transcription (21-24). As was the case for Ets-1, bio- 
chemical studies demonstrated that physical interac- 
tions also occurred between Pit-1 and the estrogen 
receptor (24). In contrast to the results obtained with 
Ets-1 and Pit-1 in the present study, FRET imaging 
provided no evidence for energy transfer between the 
fluorophores attached to Pit-1 and the estrogen re- 
ceptor (Fig. 7). Given the extremely restricted distance 
over which FRET can occur, it is conceivable that Pit-1 
and estrogen receptor proteins were in physical con- 
tact, but that the fluorophores were separated by more 
than 100 A or obstructed in some way. It was recently 
shown that the coactivator protein RIP140 participates 
in the molecular interactions between Pit-1 and the 
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estrogen receptor (39), and this protein could poten- 
tially act as a spacer between the fusion proteins. 

The results from this experiment also illustrated an 
important limitation of the FRET techninque; while 
positive results demonstrate physical interactions be- 
tween protein partners, a negative result provides no 
information about protein-protein interactions. The re- 
sults presented here demonstrated that Pit- 1 proteins 
were in physical contact in these living HeLa cell nu- 
clei, and also implicated that Pit-1 and Ets-1 were in 
close association. It is possible that these proteins 
come in contact as part of complexes involving other 
nuclear proteins. In support of this view, we reported 
previously the use of a digital deconvolution computer 
algorithm to process images of GFP-Pit-t acquired at 
different optical sections through the cell nucleus (40). 
The resulting high-resolution images demonstrated an 
ordered pattern of Pit-1 localization within the nuclear 
compartment that may indicate inclusion of the fusion 
proteins within subnuclear structures (41). Taken to- 
gether, the results presented here illustrate the utility 
of FRET microscopy to visualize interactions between 
protein partners tagged with the GFPs in the living cell. 



MATERIALS AND METHODS 
Materials 

Construction of some of the GFP- and BFP -fusion protein 
expression vector DNAs was described previously (15, 16). 
The sequences encoding GFP (S65T; Ref. 6), and BFP (Y66H, 
Y145F; Ref. 5) were modified for optimal mammalian cell 
expression through human codon usage (15, 42). A plasmid 
vector using the strong cytomegalovirus promoter (pCMV) 
was used for expression of ail the fluorescent fusion proteins 
(43). The sequence encoding Pit-1 (29) and cEts-1 (44) were 
obtained by PCR amplification with the proofreading KlenTaq 
polymerase mix (CLONTECH Laboratories, Inc., Palo Alto, 
CA) using the cloned DNA sequences as templates. Intro- 
duction of unique restriction endonuclease sites into the am- 
plified DNA facilitated in -reading frame insertion of these 
sequences at the extreme 3 '-end of the coding sequence for 
GFP and BFP. The sequence encoding the human estrogen 
receptor AA 1-576 linked to GFP(S65T) was resected from 
the pNEFGFPS65T vector (kindly provided by Dr. D. Picard, 
Universite de Geneve, Geneva, Switzerland) and inserted into 
the pCMV vector. The pCMV GFP-three-AA-BFP vector en- 
coding GFP fused to BFP by a three-AA linker was prepared 
by ligation of the BFP cDNA into the GFP vector, placing the 
BFP coding sequence in the reading frame of GFP. The 
vector encoding GFP with NILS was prepared by insertion of 
a duplex oligonucleotide sequence encoding the SV40 NLS 
(45) protein sequence LYPKKKRKGVEDQYK at the 3'-termi- 
nus of the GFP coding sequence. For transfection, large- 
scale recovery of expression vector plasmid DNAs was per- 
formed by double-banded CsCI gradient centrifugation, and 
the plasmid DNAs were verified by restriction enzyme anal- 
ysis and direct sequence analysis. 

Cell Cutture and Transfection 

HeLa cells or Rat 1 cells were maintained as a monolayer in 
a 1:1 mixture of phenol red-free Ham's F12-DMEM contain- 
ing 10% newborn calf serum. The cells were harvested and 



transfected with the indicated genetic vectors) by electropo- 
ration as described previously (46). For the lucif erase reporter 
gene expenments, the total amount of DNA was kept con- 
stant using empty vector DNA. After electroporation, the cells 
were immediately diluted in medium and used to inoculate 
culture dishes for analysis of lucif erase reporter gene activity, 
or for preparation of cell extracts for Western blot analysis or 
EMSA. Lucif erase assays were performed as described pre- 
viously (46). For imaging of GFP- and BFP-fusion protein 
expression, transfected cells were used to inoculate culture 
dishes containing 25-mm glass cover slips. These cultures 
were maintained at 33 C in a humidified 5% C0 2 incubator for 
24 h before fluorescence microscopy for optimized protein 
expression (38). 

Western Blotting and EMSA 

Transiently transfected HeLa cells were lysed at 4 C in de- 
tergent buffer as described previously (46). Samples were 
fractionated by SDS-PAGE on 10% gels. Protein standards 
were run in adjacent lanes for determination of mol wt. The 
proteins were transferred to nitrocellulose for 1 h by electro- 
blotting at 100 V and then detected by Ponceau S staining. 
The membranes were blocked with 5% nonfat dried milk in 
TBS-T buffer [20 mM Tris-HCI (pH 7.6), 137 mM NaCI, 0.1% 
Tween-20], washed in TBS-T, and incubated with GFP anti- 
body (Molecular Probes, Eugene, OR; 1:10,000 final dilution) 
for 1 h at room temperature. After washes in TBS-T, the 
membranes were incubated with a 1 :50,000 final dilution of 
horseradish peroxidase-conjugated anti rabbit Ig (Amersham 
Corp., Arlington Heights, IL). The membranes were washed in 
TBS-T and incubated in enhanced chemi luminescence (ECL) 
reagents (DuPont/NEN, Boston, MA) for 1 min. The mem- 
branes were then exposed to Kodak XAR 5 film (Eastman 
Kodak, Rochester, NY) for 5-1 5 min. 

EMSAs were performed on whole cell extracts prepared 
from transiently transfected HeLa cells as described previ- 
ously (46). A duplex oligonucleotide corresponding to the 
3P-PRL Pit-1 binding site (5'-GGAGGCCTGAATATGAA- 
TAAGA, Ref. 19) was end labeled using [y- 32 P] ATP and T4 
polynucleotide kinase and used as probe. Whole cell extract 
(20 (xg) was added to 1 5 ftl reaction mixtures assembled on 
ice. For tmmunoclearing experiments, 0.75 ^.l Pit-1 polyclonal 
antibody was added to the reaction mixtures and incubated 
for 1 h at 4 C. The reaction mixtures were transferred to tubes 
containing 25,000 to 50,000 cpm of the end labeled probe. 
The mixtures were then incubated for 20 min at room 
temperature and loaded on prerun 6.0% polyacrylamide 
gels prepared in running buffer containing 25 mM Tris-HCI 
(pH 8.3), 192 mM glycine, 1 mM EDTA. The gels were run at 
150 V, dried, and autoradiographed overnight using Kodak 
XAR 5 film. 

Fluorescence Microscopy 

The FRET imaging system used in these studies is based on 
a conventional inverted microscope equipped for epi-ffuores- 
cence and transmitted illumination (IX-70, Universal infinity 
system; Olympus America, Inc., Melville, NY). Fluorescence 
images were acquired using a 60 x aqueous-immersion ob- 
jective lens. The excitation light source was a 1 00 W mercury- 
xenon arc lamp (Hamamatsu Corp., Middlesex, NY) coupled 
to excitation and nd filter wheels. The emission filter wheel 
was coupled to the output port of the microsocope and then 
to the camera. Images were captured using a slow scan, 
liquid nitrogen-cooled charge-coupled device camera with a 
back-thinned, back- illuminated imaging chip (CH260, Photo- 
metrics, Ltd., Tucson, AZ). The digital image output of the 
camera was 512 x 512 pixels with 16 bits resolution. For 
these studies, ail images were collected using a nd 1.0 filter 
and constant integration times. All fluorescence signals fell 
within the range of 10 to 35 K gray level intensity (before 
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background subtraction), and none of the images had satu- 
rated pixels. The Silicon Graphics, Inc. -based ISEE software 
(tnovision Corporation, Raleigh, NC) was then used to obtain 
the mosaic images and determine the gray level intensity 
profiles. 
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